We examined mating behaviour in the harpacticoid copepod Tisbe battagliai Volkmann-Rocco, 1972 , in particular the process of delivering spermatophore seminal contents to the female urosome. Labelling using 4 6 diamidino-2-phenylindole (DAPI) coupled with two-photon confocal laser scanning microscopy successfully visualised the spermatophore and female internal reproductive system. Sections of the female urosome were imaged to examine seminal fluid stores. The female tissues were found to auto-fluoresce as red emission under green excitation, requiring no additional tissue labelling. DAPI-labelled seminal fluid stores were identified within the female reproductive system. The details observed agreed with previous descriptions of copepod reproductive anatomy and of spermatophores. Specimens cultured under pH 8.10 and a simulated ocean acidification scenario (pH 7.67) were compared for changes in reproductive anatomy and spermatophore size and site attachment. No differences were observed in spermatophore attachment or the female reproductive system but spermatophore size was reduced significantly at pH 7.67 compared with pH 8.10. This size reduction was, however, in proportion to an overall reduction in female body size at reduced pH. Confocal microscopy is shown here to be a valuable tool to investigate detailed reproductive processes in copepods.
INTRODUCTION
Confocal laser scanning microscopy (CLSM) is increasingly being applied to studies that examine the internal morphology and anatomy of insects and other arthropods (Klaus and Schawaroch, 2006; Lee et al., 2009) . CLSM has been applied in a number of copepod studies to examine cuticle morphology using auto-fluorescence (Buttino et al., 2003; Michels, 2007; Zirbel et al., 2007) . More generally CLSM has been used to examine nerve terminals of muscles in crayfish (Harrington and Atwood, 1995) and various neurons within the nervous system in lobsters (Oginsky et al., 2010) . Coupling with molecular probes such as DiOC 6 has proved successful in developmental studies including observations of embryonic development (Buttino et al., 2003; Zirbel et al., 2007) . 4 6 diamidino-2-phenylindole (DAPI) has been previously used for labelling copepod eggs and nauplii (Zirbel et al., 2007) . These powerful imaging techniques have enabled whole-mount observations of developmental processes within the copepod body without time-consuming manual dissection. Copepod reproductive processes and behaviours have been described in great detail by earlier papers (Fahrenbach, 1962; Katona, 1975; Hopkins, 1978) . How- * Corresponding author; e-mail: susan.fitzer@glasgow.ac.uk ever, histological sectioning for light microscopy, or the examination of fixed specimens under a stereomicroscope (taking advantage of the transparency of the copepods) were then the only techniques available to explore female internal anatomy. These techniques were indeed successfully employed to study oogenesis in calanoid copepods in great detail (Hilton, 1931; Blades-Eckelbarger and Youngbluth, 1984; Eckelbarger and Blades-Eckelbarger, 2005; Neihoff, 2007) , but images of the seminal fluid stores and the process of fertilisation are yet to be produced.
Copepods reproduce sexually upon reaching copepodite stage C6, the final, adult instar. The second and third urosomites of the female are fused in some harpacticoids, particularly Tisbe (Copepoda: Harpacticoida), forming the genital double-somite. The copulatory pore is located at the point of fusion between these urosomites; this is the location for spermatophore placement by the male. The female genital field and seminal receptacles are located immediately behind the copulatory pore, ready to receive seminal contents for internal fertilisation of oöcytes. The male copepod differs from the female by having six separate urosomites in the urosome. The spermatophore sac and the ductus ejaculatorius are located in the urosomites. During copulation, a spermatophore is often released onto the male fifth pereiopod before placement onto the female copulatory pore (Hopkins, 1978) . Discharge of the seminal contents into the female seminal receptacles follows the attachment of the spermatophore, but the process is not well understood. The seminal contents are liquid and foamy in form (Hopkins, 1978) comprising of immotile spermatozoa. The seminal contents are stored for the fertilisation of successive egg batches throughout the remainder of a female's reproductive life.
We have developed a method using the fluorescent dye 4 6 diamidino-2-phenylindole (DAPI) to examine the internal anatomy of the female copepod urosome using CLSM. A particular focus of this study is to image the seminal receptacles in relation to spermatophore attachment in order to examine processes occurring before fertilisation of the eggs and their extrusion into the egg sacs. Difficulties in mounting relatively large crustacean specimens compared to the area of interest have been explored. Penetration of the cuticle by fluorescent dyes has been attempted with the hope of developing techniques applicable to other studies employing CLSM to examine small crustaceans.
We also compare the female reproductive system in copepods grown under conditions of simulated ocean acidification. Ocean acidification occurs as the oceans absorb atmospheric carbon dioxide, producing carbonic acid and thereby reducing the pH (Sarmiento and Gruber, 2002; Jackson, 2010) . Previous studies have described inhibitory effects of ocean acidification on a number of marine organisms (Kurihara and Shirayama, 2004; Havenhand et al., 2008; Egilsdottir et al., 2009; Ellis et al., 2009; Parker et al., 2009; Morita et al., 2010) including reduced hatching success in copepods (Kurihara et al., 2004; Mayor et al., 2007) . Comparisons of copepod internal urosomal anatomy are used to determine whether there might be internal reproductive effects of ocean acidification.
MATERIALS AND METHODS
Animal Husbandry Stock cultures of Tisbe battagliai Volkmann-Rocco, 1972 were obtained from Guernsey Sea Farms (Guernsey, British Isles). Cultures were maintained at 19.25 ± 0.36°C and 12:12 photoperiod in 0.22 μm filtered seawater, with weekly water changes. Copepods were fed ad libitum on a mixed microalgae diet (2:1 ratio of Isochrysis galbana Parke, 1949 and Tetraselmis suecica (Kylin) Butcher, 1959) , following water changes. Adults (including late stage copepodites) and nauplii (including early stage copepodites) were separated using a 200-μm Nitex mesh sieve.
Copepod Labelling This study was conducted from September, 2010 , to February, 2011 , at the Marine Biological Association, Plymouth, UK, and complied with institute guidelines of animal ethics. The fluorescent DNA stain DAPI was used to label the spermatophore and its contents prior to attachment and discharge into the female gonopore. The expectation was that the seminal contents would be labelled prior to attachment and then subsequently observed and mapped within the female reproductive system.
Labelling the male in isolation proved difficult unless the spermatophore had been extruded onto the male fifth pereiopod prior to spermatophore placement. Previous studies encountered similar difficulties in penetrating the copepod's external chitinous cuticle when using DAPI and PicoGreen (Zirbel et al., 2007) . To circumvent this, copulating pairs were mated in a solution of 0.22 μm filtered seawater (FSW) spiked with DAPI (0.05 μg/l), thereby ensuring that spermatophore transfer occurred within the DAPI solution. This approach proved successful in labelling the spermatophore attached to the female. Following uncoupling of the copulating pair the female was removed and rinsed in FSW for one hour. Cuticle auto-fluorescence, although not an issue when using CLSM, was negated by using an acid rinse (0.5% HCl) for 10 mins prior to mounting (Michels, 2007) . This also ensured the removal of any DAPI attached to the cuticle surface. Females were subsequently rinsed in FSW for one hour and fixed in 5% formaldehyde for one hour prior to examination by CLSM. Specimens were mounted (in FSW) on small Petri dishes with cover slip bottoms, under another cover slip supported by pieces of 0-thickness cover slip to avoid crushing of the specimen. It was important to mount copepods under 0-thickness cover slips in order to obtain images as deep as possible into the specimen, given the limited working distance of the objective lenses used. Specimens were sealed using clear adhesive resin (Rimmel © 60 seconds nail varnish) to avoid desiccation and stored out of direct light (wrapped in aluminium foil) at room temperature to avoid DAPI deterioration, prior to confocal microscopy.
The CLSM only detected the DAPI fluorescence at this stage. During method development, labelling of females was attempted with Texas red-x phalloidin (6.25 units/ml). Texas red-x phalloidin binds to f-actin and would be expected to reveal tissue structure within the female, providing a 'map' to determine the anatomical position of any specific DAPI labelling present. Prior to Texas red-x phalloidin labelling it proved necessary to place females into either Triton-X solution (0.2%, 20 ml FSW, 40 μl Triton-X) or hydrochloric acid solution (0.5% HCl) to increase the permeability of the cuticle and allow penetration of Texas red-x into the tissues.
Initial problems were experienced regarding specimen size and depth of focus. The study species used here was relatively thick compared to the working distance of the objective lens used. Techniques developed during development of the present method should also prove useful when using CLSM to study internal organs of other small crustaceans. In particular, placing 0-grade coverslips over specimens mounted on 0-grade glass-bottomed Petri dishes potentially enabled imaging from both sides. Copepods equal in thickness to a 0-thickness cover slip were too deep for the confocal ×40 objective to resolve images sectioned right through the copepod in one direction. This meant that females oriented with the dorsal side facing the objective lens of the inverted microscope could not be imaged right through using the ×40 confocal lens to allow observation of the ventral side of the urosome. Females that were oriented with the ventral side facing the objective lens could not be sliced any deeper than the appendages, thus not as far as the urosome and reproductive organs. Obtaining images from both sides and overlapping the middle proved one way to overcome these problems. An objective with a longer working distance would potentially relax these constraints, the probable slight reduction in resolution being relatively unimportant at the scale studied.
Confocal Microscopy
The imaging platform was a Zeiss LSM 510 META confocal microscope. UV excitation of DAPI was performed using a MaiTai multiphoton laser at 720 nm with fluorescence detected between 435-485 nm. The MaiTai laser produces two low energy photons, which combine to enable a higher energy excitation at the fluorescent molecule (Denk et al., 1990) . The advantage of using two-photon excitation is that it provides three-dimensional contrast and resolution, with the high-energy laser only applied at the focal volume, which is particularly useful for thick specimens, as the signal yield is enhanced. A green HeNe laser (543 nm) was used to observe the internal structure auto-fluorescence emission (565-615 nm). Red auto-fluorescence was overlaid with blue emissions from DAPI-labelled seminal contents. Images were taken in z-stacks from the focused first slice of interest (nearest the overlaying cover slip) to the last slice of interest (nearest the bottom of the Petri dish). All images were observed using a Plan-Neofluar oil emersion ×40 objective lens (numerical aperture 1.3), which enabled internal examination of the urosome whilst also imaging the spermatophore placement on the outside of the urosome wall. Z-stacked slices were taken at intervals of 2-2.5 μm ranging from 20 to 30 slices for each specimen. Z-stacks were converted into 3D images which could be rotated onscreen as videos. These were vital for the interpretation of individual images, allowing us to visualise both the manner of spermatophore attachment externally and the site of seminal fluid storage internally (Fig. 1) . All images were exported as Tiff files and 3D videos as Avi files. Fig. 1 . Female copepod after attachment of a DAPI-labelled spermatophore, 3D image (11/51) constructed using images of slices through the copepod. All 51 3D images combine to produce a 3D video.
Investigation of Effect of Ocean Acidification on
Spermatophore Attachment
Copepods were cultured in seawater at pH 8.10 (present day ocean pH) and pH 7.67 (the predicted ocean acidification scenario for the year 2100) (Sarmiento and Gruber, 2002; Jackson, 2010) . The DAPI labelling method was developed for copepods grown under normal pH conditions of pH 8.10. This process was repeated at pH 7.67. Previously, it has been observed that copepods grown under increasing ocean acidification produce significantly fewer nauplii than those grown under control conditions at pH 8.10 (Fitzer et al., in press ). The present method was used to determine whether there are any further alterations to the female internal reproductive system. Copepods were grown from hatching to copepodite stage five at pH 8.10 and at pH 7.67. The pH was controlled using an Aqua-medic™ pH computer coupled with a solenoid valve to control CO 2 injection and monitored using a DrDAQ™ pH data logger (Fitzer et al., in press ). CO 2 injection was used to adjust the pH. Upon reaching stage C5, copepodites of both sexes were mixed in media of each pH ready to produce copulating pairs. These pairs were placed into FSW spiked with DAPI (0.05 μg/l) to enable transfer of the spermatophore within the DAPI solution. Females were removed and preserved at intervals as follows: at pair separation, at production of the first brood, and at production of the second brood. Each female was rinsed in FSW for one hour, placed in 0.5% HCl for 10 min, rinsed in FSW, and, fixed in 5% formaldehyde for one hour. The females were again rinsed with FSW and mounted for microscopy as above. Spermatophore length (length from tip of cephalothorax to the tip of caudal ramus) and width and length of the female copepod body were recorded and ratios of female length relative to spermatophore size were calculated.
RESULTS
Several of the females revealed a tissue outline of the female reproductive system along with a DAPI-stained spermatophore attached to the urosome genital pore and a slight internal haze of DAPI-stained seminal contents (Fig. 2) . The female reproductive system is clearly present in a 'heart' shape on the ventral side of the female urosome directly internal to the genital pore (Fig. 2B, D) . Figure 2D shows an image through the female genital field and highlights a DAPI stained butterfly-shaped seminal fluid receptacle within the female reproductive system, and it also highlights the extruded seminal contents within seminal receptacles in the female genital field. This shape agrees with the descriptions outlined in Fahrenbach (1962) , and on examining the z-stacked images of females 1 and 2 (Fig. 2) , the seminal receptacle is seen to be placed very near the surface of the ventral side of the female urosome near the genital pore opening. It seems that the DAPI staining has weakly labelled the seminal contents and this confirms the descriptions of Fahrenbach (1962) and Hopkins (1978) with respect to the shape and placement of the female genital field and seminal receptacle stores. Fig. 2 . Female copepod after attachment of a DAPI-labelled spermatophore, seen in ventral view indicating the spermatophore (s) (outside urosome), reproductive system (ro), seminal receptacles (sr), longitudinal muscles (lm) (inside urosome), and serial appendages (sa) (flanking urosome) auto-fluorescing in red. A, schematic representation of internal anatomy of a female copepod; B, confocal image (slice 5/19) of the female urosome represented in A, a DAPIlabelled empty spermatophore can be seen on the outside of the urosome (DAPI blue fluorescence) while internally a heart-or clover-shaped structure can be seen representing the female reproductive system; C, a schematic similar to A representing the internal anatomy of a female copepod; D, confocal image (slice 0/19) of female seen in B showing DAPI-labelled spermatophore in a deeper optical section.
Changes with pH
There appeared to be more structural auto-fluorescence in spermatophores attached at pH 8.10 (Fig. 3B, D) compared to pH 7.67. The chitinous (Hopkins, 1978) fluorescence appearing in red around the entire circumferences of the spermatophore wall at pH 8.10, was not present at pH 7.67 (Fig. 4B, D) , leaving only the blue fluorescence of the DAPIlabelled spermatophore. This would suggest a degree of deterioration of the spermatophore wall. Confirmation of this awaits further study. No significant differences with respect to spermatophore attachment and the structure of the female reproductive system were observed between females grown at pH 7.67 and 8.10, although spermatophore size did change. Spermatophore length was reduced significantly in copepods cultured at pH 7.67 (ANOVA; P = 0.047, df = 1, Fig. 3 . Female copepods after attachment of a DAPI-labelled spermatophore, seen in both ventral (A, B) and lateral views (C, D) showing the spermatophore(s) (outside urosome) auto-fluorescing in red. A, schematic representation of female copepod indicating location of urosome image; B, pH 8.10 female with spermatophore attached to outside of urosome (slice 2/19); C, schematic representation of female copepod indicating location of urosome image; D, pH 8.10 female two with spermatophore attached externally to urosome (slice 9/19). N = 3, 58.3 μm ± 7.6 μm) compared to copepods cultured at pH 8.10 (71.7 μm ± 2.9 μm) (Fig. 5) . Spermatophore width did not differ significantly (pH 7.67 = 34.167 μm ± 1.443 μm; pH 8.10 = 40.00 μm ± 4.33 μm; P = 0.091) (Fig. 5) . Mean female copepod size at stage C5/C6 was determined to examine ratios of spermatophore size relative to copepod size, as males were discarded and size data is not available for them. In a previous study copepods were found to be significantly smaller (Fitzer et al., in press), a significant reduction in size at pH 7.67 (276.9 μm ± 22.9 μm) compared to pH 8.10 (315.3 μm ± 113.8 μm) was observed. In the present study, the ratio of spermatophore length to female length were found not to be significantly different between pH treatments (ANOVA; df = 1, N = 3, pH 7.67 = 0.21 ± 0.03 and pH 8.10 = 0.23 ± 0.01) (Fig. 5) . This suggests that spermatophore size reduction associated with higher pH occurs to the same degree as overall copepod growth reduction. 
DISCUSSION

Demonstration of the Efficacy of DAPI Labelling
The female genital field located internally to the female genital pore has been described in detail (Fahrenbach, 1962) but through diagrams produced following stereomicroscope imaging made possible due to the transparency of the copepods. The CLSM method for internal imaging of the female urosome provided promising results with clear images of the reproductive system using auto-fluorescence. Specimens used to determine spermatophore placement and the process of seminal fluid transfer into the female urosome were effectively labelled. DAPI labelling of the spermatophore and the seminal contents supports the earlier descriptions of the process of spermatophore discharge (Fahrenbach, 1962; Hopkins, 1978) . Fahrenbach (1962) suggested the attached spermatophore draws seawater from the surrounding area to aid discharge of its contents into the female. However, no images were provided to support this hypothesis. Successful DAPI labelling of spermatophores was achieved in the present study by placing copulating pairs in DAPI solution before spermatophore attachment. This is consistent with the above hypothesis, since DAPI may have been drawn into the spermatophore with the ingress of water following attachment, as the spermatophore released its contents into the female gonopore.
Observation of auto-fluorescent tissues under red light was unexpected but proved beneficial in differentiating the spermatophore contents from the female reproductive system. The tissue auto-flourescence observed under the red filter contrasted against the DAPI fluorescence of the spermatophore contents, observed under a blue filter. Muscles present in the dorsal internal structure of the copepod were clearly visible along with the female reproductive system at pH 8.10 (Fig. 2B, D) .
Comments and Recommendations
The use in the present study of two-photon excitation to image the DAPI labelling was not essential, but may have yielded slightly improved resolution compared to singlephoton excitation with an ultra-violet laser. However, the two-photon approach creates less cell damage, and provides better tissue penetration (Denk et al., 1990) , potentially aiding the imaging deeper into the copepod tissues under the gonopore.
The phalloidin labelling methodology appeared to work; however, due to tissue red-auto-fluorescence it was difficult to determine the extent of labelling. Previous studies have reported difficulties in penetrating the copepod external cuticle when using DAPI and PicoGreen due to the chitinous exterior (Zirbel et al., 2007) . Zirbel et al. (2007) used an osmotic gradient in order to label eggs with DAPI whereas Michels (2007) used lactic acid to bleach and clear the cuticle. Lactic acid (Michels, 2007) and HCl proved most useful in the removal of the copepod cuticle for penetration of Texas red-x phalloidin and the removal of external DAPI fluorescence in this study. This study also experienced an initial difficulty in dye penetration, but further confocal analysis of the female copepods revealed internal tissue auto-fluorescence under a red filter. Although the phalloidin staining appeared successful, it was not necessary for observations of internal tissues; auto-fluorescence by itself proved sufficient to 'map' the expected seminal fluid stores.
Future application of CLSM to other small crustaceans will require refinement of the spermatophore labelling technique. In particular, in the present study it was only possible to label the spermatophore during copulation in DAPIspiked seawater.
The differences in spermatophore wall auto-fluorescence with increased acidification was apparently clear-cut, but was only observed for a very limited sample size. This was also the case for the smaller spermatophore size observed with increased acidification (albeit to the same degree as copepod body size). The low sample size was due to difficulties in obtaining female copepods with attached labelled spermatophores, and further experimentation will be necessary to provide more solid evidence as to the impact of ocean acidification on internal reproductive systems. Further developments in specimen mounting to enable full imaging through the female would enhance the quality of the visual evidence. Even with its current limitations, CLSM can be applied to other zooplankton species of similar size as a means to examine internal reproduction.
